The E2F family plays a pivotal role in cell cycle control and is conserved among plants and animals, but not in fungi. This provides for the possibility that the E2F family was integrated during the development of higher organisms, but little is known about this. We examined the effect of E2F ectopically expressed in transgenic tobacco (Nicotiana tabacum) plants on growth and development using E2Fa (AtE2F3) and DPa from Arabidopsis. E2Fa-DPa double transgenic lines exhibited altered phenotypes with curled leaves, round shaped petals, and shortened pistils. In mature but not immature leaves of the double transgenic lines, there were enlarged nuclei with increasing ploidy levels accompanied by the ectopic expression of S phase-but not M phase-specific genes. This indicates that a high expression of E2F promotes endoreduplication by accelerating S phase entry in terminally differentiated cells with limited mitotic activity. Furthermore, mature leaves of the transgenic plants contained increased numbers of small cells, especially on the palisade (adaxial) side of the outer region toward the edge, and the leaf strips exhibited hormone-independent callus formation when cultured in vitro. These observations suggest that an enhanced E2F activity modulates cell cycle in a cell type-specific manner and affects plant morphology depending on a balance between activities for committing to S phase and M phase, which likely differ between organs or tissues.
Transition from G 1 (G 0 ) to S phase is a critical step in the control of the cell cycle, as well as a mitotic step. The control of this process closely involves E2F transcription factors in animals. E2F proteins form heterodimers with DP proteins and regulate promoters of genes involved in deoxynucleotide biosynthesis, DNA replication, and cell cycle control, mainly those required for entering S phase, but also apparently unrelated genes such as the myc and myb families with different expression profiles (Lavia and Jansen-Dü rr, 1999; Mü ller and Helin, 2000) . Recent studies using DNA microarray analysis suggest that E2F regulates also the expression of genes involved in DNA repair, differentiation, apoptosis, and mitosis (Ishida et al., 2001; Mü ller et al., 2001; Ren et al., 2002; Weinmann et al., 2002) .
In humans, six E2F and two DP proteins have been identified. These E2F members, except for E2F-6, which lacks a transactivation domain, have not only a transcriptional activating function, but also repressive activity mediated by the retinoblastoma protein (pRb) or related pocket proteins (p107 and p130). The E2F/pocket protein complex blocks transcription by masking the transactivation domain of E2F and by directly binding target promoters to recruit chromatin-remodeling complexes (Dyson, 1998; Mü ller and Helin, 2000; DeGregori, 2002) . Despite the similar biochemical properties of these five proteins, recent genetic and biochemical analyses revealed that a subgroup of members, E2F-1, E2F-2, and E2F-3, is involved in cell cycle progression to enter S phase, whereas E2F-4 and E2F-5 mainly function as a repressor of interaction with a pocket protein, p130, thereby mediating G 1 (G 0 ) arrest (Lindeman et al., 1998; Gaubatz et al., 2000; Paramio et al., 2000; Wang et al., 2000; Wu et al., 2001) . Additionally, it has been shown that E2F-6 also plays an important role in G 0 arrest by forming a complex containing p130, polycomb group protein, and mga/max on E2F-regulated promoters (Trimarchi et al., 2001; Ogawa et al., 2002) .
Plants have a conserved regulatory pathway of G 1 (G 0 )-S phase transition mediated by E2F transcription factors. Promoters or the 5Ј-untranslated region of proliferating cell nuclear antigen (PCNA), ribonucleotide reductase (RNR), and MCM3 genes from tobacco (Nicotiana tabacum), rice (Oryza sativa), and Arabidopsis contain E2F sites that are responsible for the S phase or meristematic tissue-specific expression and that bind E2F/DP complexes from plants (Chaboute et al., 2000 (Chaboute et al., , 2002 Egelkrout et al., 2001 Egelkrout et al., , 2002 Kosugi and Ohashi, 2002a; Stevens et al., 2002) . It has been also found that two different sequences for E2F binding are conserved in predicted 5Ј-upstream regions of a large number of replication-and mismatch repair-associated genes in Arabidopsis (Kosugi and Ohashi, 2002a) . Many E2F and DP homologs have been isolated from plants (Ramírez-Parra et al., 1999; Sekine et al., 1999; Albani et al., 2000; Ramírez-Parra and Gutierrez, 2000) . In structure and biochemical properties, they are very similar to known animal E2Fs and DPs, and their expression is restricted to meristematic regions in Arabidopsis and an early S phase in synchronized tobacco cells (De Veylder et al., 2002) . Arabidopsis expresses six E2F: E2Fa-c and E2L1-3 (also referred to as AtE2F1-3 or DEL1-3; de Jager et al., 2001; Kosugi and Ohashi, 2002b; Mariconti et al., 2002; Vandepoele et al., 2002) , and two DP: DPa and DPb (Magyar et al., 2000) . Arabidopsis E2Fs exhibit an overall similarity to animal E2Fs and interact with DPa and DPb to stimulate their DNA-binding activity. E2Fa (AtE2F3) and E2Fb (AtE2F1) are strong transcriptional activators only when interacting with DPa, whereas E2Fc (AtE2F2) has no transactivational activity even in a complex with either DP protein (Kosugi and Ohashi, 2002c) , and its degradation is stimulated in response to light (Del Pozo et al., 2002) . The DPa-specific transactivation of AtE2F1 and AtE2F3 is conferred by the interaction-dependent nuclear import of these proteins through nuclear import-and nuclear export-like sequences conserved in E2Fs (Kosugi and Ohashi, 2002c) . It has been shown that transient expression of E2Fa and/or DPa can stimulate S phase entry in Arabidopsis protoplasts . On the other hand, the other three E2F-like proteins, E2L1-3, have a limited similarity only to the DNAbinding domain of E2F proteins and can bind E2F sites as a monomer (Kosugi and Ohashi, 2002b; Mariconti et al., 2002) . E2Ls repress E2F-regulated reporter genes, indicating that they function as repressors to antagonize E2F/DP-mediated transactivation.
It is quite important to understand how the control of G 1 (G 0 )-S transition by the E2F family affects plant growth, proliferation, and development. Although the functions of these plant E2Fs, as well as animal E2Fs, have been well studied in cultured cells, little is known about the role of E2F in whole organisms. In mammalian cells and imaginal discs of transgenic flies, overexpression of E2F induces S-phase entry followed by apoptosis. In many cases, the E2F-induced apoptosis abolishes the next round of cell cycle progression (Qin et al., 1994; Shan and Lee, 1994; Asano et al., 1996; Du et al., 1996) , which hinders observations on developmental effects of overexpressed E2F in animals. A recent study using Arabidopsis plants overexpressing E2Fa and DPa cDNAs demonstrated that E2Fa and DPa synergistically induced ectopic cell division, enhanced endoreduplication, and caused developmental arrest at an early stage (De Veylder et al., 2002) , indicating that the ectopic expression of E2Fa/DPa affects plant development.
We analyzed the effect of E2Fa (AtE2F3) and DPa on the regulation of the cell cycle and development using transgenic tobacco plants overexpressing these proteins. In contrast to the transgenic Arabidopsis plants, E2Fa-DPa double transgenic tobacco plants grew until a late stage and exhibited morphological abnormalities specific to certain organs. The ectopic expression of E2Fa and DPa induced not only endoreduplication and/or cell division, which were specifically enhanced in specific tissues of mature leaves, but also hormone-independent formation of callus in leaf strips cultured in vitro. These observations suggest that the activity of E2F can induce S phase entry and continuous cell cycle progression or cell cycle arrest, thereby modulating tissue and organ growth in the presence or absence of other cell cycleassociated factors such as mitotic factors.
RESULTS

Phenotype of Tobacco Plants Overexpressing E2Fa and DPa
We have previously demonstrated that E2Fa (AtE2F3) exerts its transactivation function when DPa is coexpressed in cultured tobacco cells (Kosugi and Ohashi, 2002c) . To examine the role of E2Fa and DPa in planta, we produced transgenic tobacco plants carrying the E2Fa and DPa cDNA under the constitutive control of the cauliflower mosaic virus (CaMV) 35S promoter. Eight and nine plants overexpressing E2Fa and DPa cDNAs with variable levels of expression were obtained by a screening with northern analysis. Although none of the primary transgenic plants exhibited phenotypic alterations, plants of the next generation with high levels of the E2Fa transcript exhibited pale green leaves and a delay in growth and flowering (data not shown). In contrast, the next generation of DPa-overexpressing plants exhibited no phenotypic alteration, indicating that DPa alone had no effect on the growth and development.
Two lines of E2Fa-overexpressing plants with a high and low level of expression were crossed with a DPa-overexpressing plant. Seedlings of both crossed lines (designated H-F3D and L-F3D, respectively, for high and low levels of transgene expression) had small and downward curled cotyledons (data not shown). The H-F3D line exhibited severely delayed growth and almost all the plants died when 15 to 20 cm in height before or during flowering. All leaves of this line curled downward, and at later stages, developed chlorosis and spontaneous lesions reminiscent of the symptoms observed on a geminivirus-infected tobacco plant (Fig. 1, B and C) . In contrast, the L-F3D line grew relatively normally in the early stages, but formed curled leaves similar to those of H-F3D plants at the adult stage (Fig. 1D ). Other interesting phenotypes were observed in the flowers of both lines: petals of a rounder shape and pistils of a shorter length than wild-type flowers (Fig. 1, E and F) .
To confirm whether the phenotypical disorders in these crossed lines are linked to the expression levels of both transgenes, we performed reverse transcriptase (RT)-PCR analysis with primers specific for the E2Fa and DPa cDNAs, and a tobacco PCNA gene, an endogenous E2F target in tobacco. Whereas phenotypically normal leaves from L-F3D expressed low levels of the E2Fa and DPa genes, the deformed leaves from this line expressed high levels of both transgenes, comparable with the H-F3D line ( Fig.  2A) . The RT-PCR analysis further demonstrated that the endogenous PCNA gene was more active in the phenotypically altered leaves of both crossed lines. These results suggest that the transgene expression in the L-F3D line is developmentally regulated probably via an epigenetic effect by which the transgenes are reactivated at a later stage, and furthermore, that the phenotypical disorders observed are caused by the overexpression of E2Fa and DPa.
The functional expression of the transgenes was further confirmed by EMSA with nuclear extracts prepared from mature leaves of the crossed and the original single transgenic lines. Nuclear extracts from the H-F3D line exhibited a high level of activity for binding to te2f-1 and te2f-␣ probes, each containing a different E2F site (Kosugi and Ohashi, 2002c) , but not to the mutant probe, mte2f-1, despite an elevated activity of a nonspecific binding to all the probes, which was likely to be induced by the ectopic expression of E2Fa-DPa (Fig. 2B ). This result indicates that the H-F3D line expresses a functional E2Fa/DPa complex, which causes the phenotypic difference from single E2Fa or DPa transgenic lines.
Ectopic Expression of S Phase-Specific Genes in E2Fa/DPa-Overexpressing Plants
To test whether in E2Fa-DPa transgenic plants, the expression of endogenous target genes other than the PCNA gene is affected, several tobacco genes, including cell cycle-regulated genes, were analyzed by northern-blot analysis. Fully expanded mature leaves of the control 35S-GUS and single transgenic plants showed no detectable or only a low level of expression of cell cycle-regulated genes; S phase-specific genes associated with DNA synthesis (PCNA and RNR) and chromosome assembly (histone H1 and histone H3), and M phase-specific genes (B-type cyclins; Fig. 3 ). Only the E2Fa-DPa double transgenic line (H-F3D) expressed ectopically high levels of DNA synthesis genes and moderate levels of histone genes, but not M phase and other cell cycle-unrelated genes involved in glycolysis (GAPDH) and photosynthesis (Cab). Also in immature leaves ranging from 10 to 15 mm, the plant expressed higher levels of these S phase genes than the control and other single E2Fa or DPa transgenic lines. In lines expressing low levels of E2Fa-DPa (L-F3D), moderate levels of PCNA transcripts were expressed in mature leaves, and the levels of B-type cyclin transcripts were similar to those of the control plants in mature and immature leaves (data not shown).
It is not clear whether the S phase genes such as histones H1 and H3 are direct targets for E2F in plants, although histone genes have been observed to be regulated directly by E2F in mammalian cells ( Yagi et al., 1995; Ren et al., 2002; Weinmann et al., 2002) . Because we failed to find consensus binding sites of E2F in plant histone promoters, these histone genes may be indirectly activated through S phase entry induced by E2Fa-DPa.
Altered Tissue and Cell Specificity of the S Phase-But Not the M Phase-Specific Genes in E2Fa-DPa Transgenic Plants
A number of cell cycle-regulated genes in plants are strictly expressed in the cell cycle-dependent manner in meristematic tissues, as evident from the patch-like pattern of expression in shoot apical meristematic regions (Fobert et al., 1994) . We examined whether the tissue-and cell-specific expression of cell cycle-regulated genes is affected in apical meristematic regions of the E2Fa-DPa plants by in situ hybridization analysis. Apical shoot tips of the control 35S- First strand cDNAs were synthesized using 5 g of total RNA isolated from mature leaves of the indicated plants. PCR was conducted with 12 cycles for 18S rRNA and 24 cycles for the other transcripts. Fractionated PCR products were visualized by staining with ethidium bromide. L-F3D and H-F3D indicate 35S-E2Fa-DPa transgenic lines with a low and high level of transgene expression. L-F3D-1 was derived from phenotypically normal leaves, whereas L-F3D-1Ј and L-F3D-2 were from severely curled leaves. B, Electrophoretic mobility shift assay (EMSA) for E2F site-binding activity. Nuclear extracts were prepared from mature leaves of the indicated plants and were incubated with the indicated double-stranded oligonucleotide probes. te2f-1 and te2f-␣ contain different E2F-binding sequences and mte2f-1 contains a mutated sequence of te2f-1. The arrowhead indicates the position of a complex of E2Fa/DPa with the probe DNA.
E2F-DP Transgenic Tobacco Plants GUS plants were observed to express the PCNA and B-type cyclin (cyc29) mRNAs in specific cells in a patch-like pattern (Fig. 4, A and C) . In shoot tips from the E2Fa-DPa plants, the cell cycle-specific expression of the PCNA mRNA was changed to a constitutive pattern (Fig. 4B ), which correlates with the expression pattern of the E2Fa and DPa transgenes driven by the CaMV 35S promoter. In contrast to the S phase-specific genes, the expression pattern of the cyc29 mRNA was similar between the control and the E2Fa-DPa plants (Fig. 4, C and D) . These results indicate that constitutive overexpression of E2Fa and DPa abrogates the cell cycle-dependent expression of S phase genes but not M phase genes.
Endoreplication and Cell Division Stimulated in E2Fa-DPa Transgenic Plants
To assess whether the ectopic S phase entry induced by E2Fa/DPa confers an ectopic cell division or endoreplication in the transgenic plants, we observed microscopically cell morphology in mature and immature leaves. Cells in immature leaves of the E2Fa-DPa (H-F3D and L-F3D) and the control 35S-GUS plants were similar in size and number (Fig. 5 , G-I). In contrast, mature leaves of these two E2F transgenic lines contained smaller and increased numbers of cells than the control plants, despite that the leaf size was similar between them (Fig. 5, A-C) . The smaller cell size of both transgenic lines was more striking in the palisade tissues of the outer region of the leaves, especially at the edge (data not shown). This observation suggests that the E2Fa-DPa expression stimulates cell division in a cell typespecific manner.
Interestingly, the spongy tissues of the transgenic lines had an increased number of idioblastic cells (Fig. 5, A-C) . Crystal idioblasts deposited with calcium oxalate crystals, appearing dark under a light microscope, have been observed in various tissues and plant species (for review, see Franceschi, 2001 ). The idioblastic cells that were observed in these transgenic plants were over 10-fold more numerous and often larger in size like embryonic calli in the mature leaves than those in the 35S-GUS plants (data not shown), suggesting that idioblasts are associated with the cell cycle.
To observe the nuclear morphology, these leaf sections were stained with DAPI. In immature leaves of the H-F3D plants, the nuclei were indistinguishable in size from those of the control 35S-GUS plants (Fig.  5, G-I) . Also, nuclei in meristematic regions of shoot and root apical tips were similar in size in these plants (data not shown). In contrast, mature leaves of the H-F3D plants contained considerably larger nuclei than the 35S-GUS plants (Fig. 5, D and E) . The enlarged nuclei were more abundant in cells in the spongy tissue and epidermal cells, including trichomes, than in the palisade tissue, suggesting the presence of tissue specificity in the E2Fa/DPaactivated endoreplication. In the L-F3D plants, nuclear size, unlike cellular size, in the mature leaves was apparently similar to the control (Fig. 5F ).
We then measured the nuclear DNA content in the mature leaves. The amount of genomic DNA isolated from the E2Fa-DPa H-F3D line was approximately 8-fold that of the 35S-GUS plants and the E2Fa or DPa single transgenic line (Fig. 6A) . We also measured ploidy levels in the mesophyll cells by flow cytometric analysis. Almost all nuclei in mature leaves of the 35S-GUS plant had a ploidy level of 2C. In contrast, the L-F3D line exhibited an increased number of nuclei with a ploidy level of 4C, and the H-F3D line had even higher ploidy levels, varying from 2C to 32C, with the most abundant population having 4C (Fig. 6B) . These results indicate that the ectopic E2Fa-DPa expression causes endoreduplication by stimulating DNA synthesis in terminally differentiated tissues. 
Induction of Callus Formation on Cultured Leaf Strips Independent of Hormones
We examined the effect of plant hormones stimulating cell growth and division on in vitro cultures of leaf strips from E2Fa-DPa plants. Leaf strips from the E2Fa or DPa single transgenic line induced regeneration of roots, callus, or shoots on a medium containing ␣-naphthalene acetic acid (NAA), or combinations of NAA and 6-benzylaminopurine (BA), similar to those of the control 35S-GUS plant (Fig. 7A) . Unlike these plants, leaf strips of the H-F3D line did not induce shoot regeneration on a medium containing 0.1 g mL Ϫ1 NAA and 1.0 g mL Ϫ1 BA, but continued to form embryonic calli (Fig. 7A) , whereas those of the L-F3D line normally regenerated shoots (data not shown), indicating that a higher level of E2F activity inhibits the regeneration of shoots. A more prominent difference between the E2Fa-DPa lines and others was observed in the leaf strips cultured in the absence of the hormones. The single transgenic lines and the control plant formed no visible callus on the hormone-free medium, although incidentally formed small calli were observed on some leaf strips (data not shown). In contrast, leaf strips from the E2Fa-DPa plants formed greater numbers of green calli at the cut edges of the strips on the hormone-free medium (Fig. 7, A and B) , although the growth of the callus was slow; the time required for the formation was three to four times longer than in leaf strips cultured with the hormones. This indicates that overexpression of E2Fa-DPa is sufficient to induce the formation of callus in culture. It was interesting that the H-F3D leaf tissues, except the formed calli, died at an early stage of the culture (Fig. 7A ), suggesting that a high level of E2F activity induces a cell death of the leaves cultured in the absence of phytohormones.
The calli of the H-F3D line stopped showing cell proliferation at an early stage, while 1 to 3 mm in size, whereas calli of the L-F3D line continued to grow (Fig. 7B) . To examine the difference in the growth competence of the calli of both lines of transgenic plants, RT-PCR was conducted to detect the expression of S and M phase-specific genes in the in vitro cultured leaf strips. The PCNA transcript was expressed not only in leaf strips of both lines of transgenic plants, but also in the control 35S-GUS plant when the strips were cultured with the hormone-free medium for 24 h (Fig. 7C) . Although B-type cyclin transcripts were also produced on culturing the leaf strips of the 35S-GUS and L-F3D plants, leaf strips from the H-F3D line had fewer transcripts of the cyclin genes (Fig. 7C) . These results suggest that the growth arrest of the H-F3D calli is due to impaired induction of the B-type cyclin genes in the in vitro culture system.
DISCUSSION
Morphological Change Caused by Ectopic E2F-DP Expression in Plants
Our previous analyses have demonstrated that Arabidopsis expresses two DP (DPa and DPb) and three E2F (E2Fa-c/AtE2F1-3) homologs with an overall similarity to animal E2Fs. E2Fa and E2Fb acquire the function as potent transcriptional activators by stimulating DNA binding and nuclear import upon interacting with DPa (Kosugi and Ohashi, 2002c) . This synergistic effect of E2F and DP functions was also observed in this study using transgenic tobacco plants. Double transgenic plants but not single transformants for E2Fa or DPa exhibited altered phenotypes and the ectopic activation of target genes. Outstanding phenotypes observed in the E2Fa-DPa double transgenic plants included a delay in growth and a curling of the leaves. These phenotypes are more prominent in H-F3D, a line in which the E2Fa and DPa transgenes are highly expressed, than in a low-level expressor like L-F3D. Similar phenotypes have been observed in double transgenic Arabidopsis plants containing E2Fa and DPa; growth arrest early in development and leaves curled along their proximal-distal axis (De Veylder et al., 2002) . We also tried to generate similar double transgenic lines of Arabidopsis, but failed due to embryonic lethality or growth arrest early in development (S. Kosugi and Y. Ohashi, unpublished data). The growth inhibitory effect of the overexpressed E2Fa-DPa seems to be exerted more strongly in Arabidopsis plants.
The phenotype accompanying leaf curving and chlorosis observed in the H-F3D line is similar to that observed in tobacco (Nicotiana benthamiana) plants infected with geminiviruses such as tomato golden mosaic virus (TGMV) and squash leaf curl virus (von Arnim and Stanley, 1992; Pascal et al., 1993) . A replication protein AL1 encoded by TGMV, as well as TGMV infection itself, can induce ectopic expression of PCNA in the mature leaves, as the E2Fa/DPa complex does. It has been speculated that the replication protein sequesters an Rb-related protein (RBR) that forms a complex with E2F and relieves an RBRmediated repression (Nagar et al., 1995; Kong et al., 2000) . However, it is unknown whether the phenotypes and S phase gene activation observed in the E2Fa-DPa plants are due to the relief of RBR repression or the effect of direct activation by E2Fa-DPa.
Unlike the E2Fa-DPa transgenic Arabidopsis, all of the L-F3D and a few of the H-F3D tobacco plants continued to grow until the flowering stage. All flowers produced in the L-F3D plants displayed phenotypes of shorter pistils and rounder-shaped petals than wild-type flowers, despite that the CaMV 35S promoter directs a ubiquitous expression and phenotypes of other organs such as the size of petals and anthers were less affected. These observations suggest that the activity for driving S phase entry by E2Fa and DPa can modulate organ size or morphology by regulating growth of the organs. The organ and tissue specificity of the morphological change may be determined by other factors modulating the E2Fa/DPa activity or by mitotic factors, which are abundant in the organs showing altered phenotypes. If the E2F activity or modulating effects are distributed differently among tissues or species, or in different environments, plant architecture could be at least partly responsible for the control of cell proliferation mediated by E2F activity.
Enhanced Endoreduplication and Cell Division by Overexpression of E2F in Terminally Differentiated Tissues
In animals, overexpression of E2F induces S-phase entry followed by apoptosis (Johnson et al., 1993; Qin et al., 1994; Shan and Lee, 1994; Asano et al., 1996; Du et al., 1996) . Ectopic E2F expression in transgenic plants also induces S phase entry accompanied by activation of S phase-specific genes, but not the subsequent typical apoptosis. Although the H-F3D line developed spontaneous lesions and chlorosis at the adult stage and died before or during flowering, apoptosis-like features in the nuclei and nuclear DNA were not observed (data not shown). Instead, overexpression of E2F-DP led to continuous DNA synthesis without cell division (endoreduplication) and ectopic cell division in planta rather than apoptosis and cell transformation. Endoreduplication is a frequently and naturally occurring phenomenon in plants and animals, depending on species, tissues, and environments (Joubes and Chevalier, 2000; Edgar and Orr-Weaver, 2001 ). The enhanced endoreduplication observed in mature leaves of the transgenic tobacco seems to be caused by a combination of the increased activity of E2Fa-DPa and a limited expression of mitotic genes. In the H-F3D line, the level of the B-type cyclin gene expression was similar to that in the control plant, in contrast to the activated expression of S phase genes. It is likely that the enhanced endoreduplication in mature leaves of the transgenic plants is attributable to the sustained S phase state followed by continuous S phase-gene activation, which is caused by an imbalance in the activity for S and M phase entry. A recent study showing that ectopic expression of a B-type cyclin in trichome of Arabidopsis increases cell division rather than enhances endoreduplication supports our notion (Schnittger et al., 2002b) .
On the other hand, there was an increase in the number of small cells in the mesophyll tissue of the E2Fa-DPa plants, despite that the size and developmental stage of the leaves observed was similar between the control and transgenic plants. This indicates that the enhanced E2F activity induces ectopic cell division in tobacco. It has been shown that E2Fa-DPa transgenic Arabidopsis lines display ectopic cell division in the cotyledons and hypocotyls (De Veylder et al., 2002) . Depending on the cell and tissue type, or environment, E2F activity may be sufficient to induce S and M phase entry. However, E2F/DP could inhibit cell expansion because even the L-F3D tobacco plant that exhibited pronounced ectopic cell division caused no increase in the leaf size rather a decrease in the cell size.
In the leaves of E2Fa-DPa tobacco plants, there was a greater increase in the number of cells on the palisade side in the regions toward the edge (outer region), indicating that cell proliferation is stimulated more in the outer palisade tissue than in the inner region and spongy tissue. Taken together with the fact that the enlargement of nuclei is remarkable in spongy tissue of H-F3D plants, mitotic activity on the abaxial side is likely to be more limited than that on the adaxial side in the leaf. These observations further suggest that the phenotype of leaf curling is caused by an accelerated proliferation of adaxial mesophyll cells in the outer region and by repressed cell division on the abaxial side.
Hormone-Independent Callus Formation
The E2Fa-DPa double transgenic plants had the ability to form callus when their leaf sections were cultured with a hormone-free medium. Our study using RT-PCR analyses demonstrates that the culturing of leaf sections in the absence of hormones, probably in combination with the wounding effect, induces the re-entry of terminally differentiated cells into the cell cycle, as shown by the elevated expression of the PCNA and B-type cyclin transcripts in the cultured leaf strips. Leaf sections from wild-type tobacco incidentally formed small calli when cultured in the absence of hormones, but there was no further callus growth (data not shown). These observations suggest that the ectopic expression of E2Fa and DPa stimulates the growth of calli but not the initiation. We speculate that once a callus has formed on cultured leaf strips, mitotic activity is constantly provided, but activity for S phase entry is not sufficient to stimulate further growth of the callus. Calli produced in the H-F3D line stopped growing at an early stage, apparently in correlation with the impaired expression of B-type cyclin transcripts in the cultured H-F3D leaves. Considering that the H-H3D plants exhibited delayed growth and a lower degree of ectopic cell division than the L-F3D plants, a higher level of E2Fa-DPa expression may inhibit expression of mitotic genes.
Our observations suggest that a high level of E2F activity induces S phase entry and enhances endoreduplication in terminally differentiated tissues, and that additional mitotic activity to enter M phase could stimulate continuous cell cycle progression. It has been reported that the overexpression of Arabidopsis D-type cyclin species stimulates growth in tobacco plants (Cockcroft et al., 2000) and cytokininindependent growth of calli (Riou-Khamlichi et al., 1999) or enhanced cell division of trichomes (Schnittger et al., 2002a) in Arabidopsis. Because some D-type cyclins have been implicated in regulating the G 1 -S and the G 2 -M phase transition, an increase in activities to enter the S and M phases would be necessary for enhanced cell proliferation in plants. In addition to the promotion of S phase entry using E2F-DP transgenes, further stimulation of M phase entry by manipulating mitotic regulators such as B-type cyclins and their transcriptional regulators may improve the growth rate of plants. Our observations further indicate that an enhanced E2F activity drives cell proliferation and endoreduplication in a cell type-specific manner. The morphological change observed on some specific tissues and organs of the transgenic plants could attribute to the cell typespecific effect of E2F. These suggest that the activity driving S phase entry is closely linked to plant growth and development.
MATERIALS AND METHODS
Plasmid Construction
For plant transformation constructs, XbaI-XhoI fragments from the E2Fa (AtE2F3) and DPa cDNA clones (Kosugi and Ohashi, 2002c) were inserted into the SpeI-XhoI sites of a binary vector pBI-CEPT5, which was generated by replacing a HindIII-SacI fragment of the pBI101 vector (Clontech, Palo Alto, CA) with the CaMV 35S promoter linked with the downstream multicloning sites from the pCEP5 vector (Kosugi and Ohashi, 2000) .
Plant Transformation and in Vitro Culture of Leaf Strips
The binary vectors were introduced into Agrobacterium tumefaciens LBA4404 and were used for transformation of tobacco (Nicotiana tabacum) as described previously (Kosugi et al., 1991) . Kanamycin-resistant transgenic tobacco plants were screened by northern analysis for expression of the transgenes. Mature leaves were excised from transgenic plants, cut into pieces 1.5 to 2.0 cm square after being sterilized with 3% (w/v) hypochlorite solution, and cultured on 0.5ϫ Murashige-Skoog salt medium (Murashige and Skoog, 1962) containing 3% (w/v) Suc and/or a combination of NAA as an auxin and BA as a cytokinin. The plates were cultured for 4 to 8 weeks at 28°C in the dark.
RT-PCR Analysis
First strand cDNA was synthesized with 5 g of total RNA, as described previously (Kosugi and Ohashi, 2002b) . RT-PCR was performed using 1-L aliquots of the 50 L of the first strand cDNA products. PCR products were amplified for 24 cycles for the E2Fa, DPa, and PCNA mRNAs and for 12 cycles for 18S rRNA, separated by electrophoresis on 0.8% (w/v) agarose gel, and visualized by staining with ethidium bromide. PCR products were amplified in a liner manner at least within 24 cycles.
EMSAs
The preparation of nuclear extracts from tobacco leaves and EMSAs were performed as previously described (Kosugi and Ohashi, 1997). The doublestranded oligonucleotide probes used for EMSAs, te2f-1, mte2f-1, and te2f-␣ were reported elsewhere (Kosugi and Ohashi, 2002a). te2f-1 (5Ј-TCGAGTTTTCCCGCCTTTTTTCCCGCCTTGTCGA) and te2f-␣ (5Ј-TCGAGTTTTGGCGGCTTTTTTGGCGGCTTGTCGA) contained different E2F-binding sequences, TTTCCCGC and TTTGGCGG, respectively. mte2f-1 (5Ј-TCGAGTTTTCCAACCTTTTTTCCAACCTTGTCGA, in which mutated nucleotides are underlined), is a mutant of te2f-1.
Northern-Blot Analysis
Total RNA was isolated from mature and immature leaves of tobacco with Trizol reagent, according to the manufacturer's instructions (Invitrogen, Carlsbad, CA). RNA (20 g) was fractionated in 1% (w/v) formaldehyde-agarose gels and was transferred to a nylon filter (Hybond N ϩ ; Amersham Biosciences, Piscataway, NJ) as described (Sambrook et al., 1989) . Hybridization was performed at 68°C in a solution containing 0.2 m Na 2 HPO 4 , pH 7.2, 1 mm EDTA, 7% (w/v) SDS, and 1% (w/v) blocking reagent (Roche Diagnostics, Mannheim, Germany). Filters were washed twice in a buffer containing 20 mm Na 2 HPO 4 (pH 7.2) and 0.5% (w/v) SDS at room temperature and then once more at 68°C. DNA probes were prepared from gel-purified fragments, which were amplified by RT-PCR with primers specific for tobacco cDNAs based on sequence information deposited in databases, and were labeled with ␣-32 P-dCTP using a Rediprimed Labeling kit (Amersham Biosciences). The cDNA fragments corresponded to the entire coding sequences of the E2Fa, DPa, and tobacco histone H1 (H1c12, GenBank accession no. L29456) cDNAs and nucleotides 246 through 778 for tobacco PCNA (AJ012662), 166 through 977 for RNR2 (X92443), 22 through 630 for histone H3 (B015760), 280 through 854 for GAPDH/GapC (M14419), 43 through 756 for light-harvesting/cab (X64198), and 1,190 through 1,542 and 1,087 through 1,667 for B-type cyclins (Nt-CYM, D89635, and Ntcyc29; D50737). A cDNA fragment of an Arabidopsis 18S rRNA (X16077) consisting of nucleotides 659 through 1,108 was used for detection of the tobacco 18S rRNA to verify the equal loading of RNA samples.
In Situ Hybridization
Shoot tips from 35S-GUS and 35S-E2Fa-DPa plants were fixed with 4% (w/v) paraformaldehyde. The preparation of paraffin sections and in situ detection using DIG-labeled RNA probe were conducted as described (Kouchi et al., 1995) . DIG-labeled sense and antisense RNAs were synthesized in vitro by transcription of linearized pGEM-3Zf(ϩ) plasmids (Promega, Madison, WI) containing the cDNAs for PCNA, histone H4, and cyc29 from tobacco, all of which corresponded to those used for northern analysis, and were labeled using a DIG RNA labeling kit (SP6/T7; Roche Diagnostics). Nitroblue tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate (Roche Diagnostics) were used as a substrate for alkaline phosphatase-conjugated anti-DIG antibody (Roche Diagnostics). The color reaction was conducted at 25°C for 6 h (for histone H4), 10 h (for PCNA), and 16 h (for cyc29).
Observation of Nuclei in Leaf Sections
Strips of mature and immature leaves from 35S-GUS and 35S-E2Fa-DPa transgenic plants were embedded in 5% (w/v) agar and sliced into 60-m thick cross-sections using a microslicer (DTK-1000; Dohan-EM, Kyoto). The sections were incubated with 20% (w/v) ethanol containing 1 g mL Ϫ1 DAPI for 5 min. Nuclei were observed using an epifluorescent microscope (model AX70; Olympus, Tokyo).
DNA Measurement
Nuclear DNA was isolated from 200 mg of mature leaves with a Nucleon PhytoPure kit according to the manufacturer's instructions (Amersham Biosciences). The isolated DNA was quantified using a spectrophotomer and simultaneously by a fluorometrical method with DAPI, and was normalized relative to the protein content of the leaves sampled.
Flow Cytometric Analysis
Leaf strips from 35S-GUS and 35S-E2Fa-DPa plants were chopped in Galbraith's buffer (Galbraith et al., 1983) containing 1 g mL Ϫ1 DAPI with a razor blade to release nuclei. Filtrates obtained with a 100-m nylon mesh were analyzed using a Ploidy Analyzer (Partec, Mü nster, Germany).
